OBJECTIVE -Immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome is caused by FOXP3 mutations. We aimed to determine the prevalence, genetics, and clinical phenotype of FOXP3 mutations in a large cohort with permanent neonatal diabetes (PNDM).
T ype 1 diabetes is the leading cause of diabetes among children except for those in whom diabetes is diagnosed before the age of 6 months. HLA studies have shown that patients in whom diabetes is diagnosed within the first 6 months of life (permanent neonatal diabetes [PNDM] ) do not harbor high-risk HLA haplotypes and hence are very unlikely to have classic type 1 diabetes (1, 2) . These patients should be tested for monogenic causes of neonatal diabetes.
Mutations in FOXP3 have been associated with a severe, early-onset, malelimited autoimmunity syndrome known as IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked; OMIM [Online Mendelian Inheritance in Man] 304930) (3) (4) (5) . The gene maps to chromosome Xp11. 23 and encodes a 431-amino acid protein, also named scurfin, required for the generation and functioning of CD4 ϩ CD25 ϩ regulatory T lymphocytes. FOXP3-expressing CD4 ϩ T cells are potent suppressors of selfreactive T-cell activation and proliferation, presumably via direct cell-cell interaction. Thus, lack of these cells results in an uncontrolled autoimmune reactivity in male patients with hemizygous FOXP3 mutations (6) . In keeping with an X-linked recessive mode of inheritance, heterozygous carrier females remain completely asymptomatic, but each son has a 50% risk of being affected with IPEX syndrome. One patient with IPEX syndrome due to recessive inheritance of CD25 mutations has recently been reported (7) .
Most patients with IPEX syndrome described to date have developed symptoms shortly after birth or during the first 3-4 months of life. The most common findings have been enteropathy (nearly 100% of patients), diabetes (ϳ70%), skin disease (ϳ65%), failure to thrive (ϳ50%), thyroiditis (ϳ30%), and recurrent infections (ϳ20%). Less common additional features include autoimmune cytopenias, pneumonitis, nephritis, hepatitis, vasculitis, arthritis, myositis, and alopecia as well as lymphadenopathy and splenomegaly. These disorders often appear sequentially rather than simultaneously, and the affected organ spectrum varies substantially from patient to patient (8) . The life expectancy of patients with IPEX syndrome rarely extends beyond infancy.
However, a milder phenotype has been reported in a number of patients, who can live longer, sometimes into adulthood. Enteropathy was present in virtually all of them, although diabetes was frequently absent (9 -11) .
To our knowledge, FOXP3 has not been systematically studied before in pa-tients with early-onset diabetes. Hence, we aimed to explore the prevalence of FOXP3 mutations in the largest worldwide cohort of PNDM.
RESEARCH DESIGN AND
METHODS -This study was conducted in accordance with the Declaration of Helsinki, as revised in 2000. Informed consent was obtained from all patients, with parental consent given on behalf of children.
The study population originated from the International Society of Pediatric and Adolescent Diabetes (ISPAD) Rare Diabetes Study. In total, 296 patients (154 boys) with diabetes diagnosed in the first 6 months of life who were receiving insulin treatment at the time of referral were studied. A genetic cause for the disease had previously been identified in 171 subjects: KCNJ11 in 85 patients, INS in 37 patients, ABCC8 in 30 patients, GCK in 8 patients, EIF2AK3 in 8 patients, PTF1A in 2 patients, and IPF1 in 1 patient (12-14; S.E., A.T.H., unpublished data). The most common causes of PNDM had been excluded by direct sequencing in the remaining 125 patients, 70 of whom were male. Specifically, mutations in KCNJ11 had been excluded in 68 patients, ABCC8 mutations had been excluded in 63 patients, INS mutations had been excluded in 63 patients, and GCK mutations had been excluded in 31 patients.
Among the 70 male patients without a molecular diagnosis, we sequenced FOXP3 in 10 subjects from 9 unrelated families on the basis of the presence of PNDM and any other immune-mediated disease. As a comparison, we also sequenced FOXP3 in 16 further male patients with PNDM but without any associated immune disease.
DNA samples were collected in Exeter. Clinical information was obtained from hospital records with assistance from the referring clinicians. Pancreatic autoantibodies were measured locally according to the standard clinical practice. Sequence variants were tested for their presence in family members whenever a DNA sample was available.
Molecular genetic analysis
Genomic DNA was extracted from peripheral leukocytes using standard procedures. The 11 coding exons, minimal promoter, and the 3Ј-untranslated region of the FOXP3 gene including the polyadenylation signal were amplified by PCR; primers and conditions are available upon request. Sequence-specific primers for each amplicon were tagged with 5Ј M13 tails to allow sequencing to be performed with a "universal" M13 primer.
Single strand sequencing was carried out using standard methods on an ABI 3730 sequencer (Applied Biosystems, Warrington, U.K.). Sequences were compared with the published sequence (NM_014009.3) using Mutation Surveyor (version 3.10). Any changes in the sequence were checked against published polymorphisms and mutations and for conservation across species.
We used a panel of microsatellites for chromosome 20q to confirm family relationships in those families in whom the mutation seemed to have arisen de novo. Patients with PNDM and other autoimmune disease in whom no FOXP3 mutation was identified were also investigated for the presence of CD25 mutations by sequencing of the coding region.
Molecular models
Predicted three-dimensional structures for the forkhead DNA-binding domain (DBD) (residues 335-423) of normal and variant FOXP3 proteins were generated using SWISS-MODEL (http://swissmodel.expasy.org/), an Internet-based tool for automated comparative protein modeling (15) . Structures were visualized and images were generated using either MDL Chime (Symyx Technologies) or DeepView (Swiss-PdbViewer) programs (16) .
RESULTS

Molecular genetics
We identified four different mutations in FOXP3 in six male subjects with PNDM from five unrelated families, all of whom presented with an associated immunemediated disease (see below). None of the 16 patients with isolated PNDM had a variant in the FOXP3 sequence (Fisher's exact test; P ϭ 0.002). No CD25 mutations were identified in probands lacking FOXP3 mutations.
There were three novel FOXP3 missense mutations: R337Q (c.1010GϾA; p.Arg337Gln), P339A (c.1015CϾG; p.Pro339Ala), and V408M (c.1222GϾA; p.Val408Met), the latter being present in three patients (including monozygotic twins) from two unrelated pedigrees (Fig.  1) . The affected amino acid residues were conserved among species as well as in several other members of the forkhead transcription factor superfamily (data not shown). None of them was found in 510 European Caucasian or in 147 Turkish control X chromosomes. Only one of the mutations had previously been reported (c.227delT; p.Leu76GlnfsX53). It introduces a frameshift and generates a premature stop codon (17, 18) . The inheritance within families of the mutations is in keeping with an X-linked inheritance as shown in Fig. 1 .
Clinical features
The clinical information from patients bearing a FOXP3 mutation is shown in Autoimmune hypothyroidism at 1 year (TSH: 177 U/ml; TPO Abs: Ͼ3,000 units/l; TG Abs Ͼ2,000 units/l); enteropathy since age 3 years (anti-enterocyte, anti-gliadin IgG, anti-intrinsic factor and parietal cell Abs positive; anti-endomysial and antitransglutaminase IgA Abs negative; no villous atrophy on jejunal biopsy); recurrent respiratory ant gastrointestinal infections; mucocutaneous candidiasis; hypochromic microcytic anemia since age 10 years; ICA and GAD Abs negative; current A1C 8.5%; no chronic diabetes complications; mild intellectual impairment (IQ 80) Absent GAD, ICA, and IA2 antibodies; watery diarrhea; low fecal elastase at 2.5 months, initially normal (small portion of pancreatic tissue in abdominal MRI scan); anemia; neutropenia; thrombocytopenia; increased IgE (132 units/ml); thyroid dysfunction (negative thyroid antibodies); recurrent respiratory tract infections and sepsis Ab, antibody; DKA, diabetic ketoacidosis; IA2, insulinoma-associated protein 2; ICA, islet cell antibody; JDF, Juvenile Diabetes Foundation; NA, not available; SDS, standard deviation score; TG, thyroglobulin; TPO, thyroperoxidase; TSH, thyroid-stimulating hormone. Table 1 . There were no significant clinical differences (including age at diabetes onset, birth weight, or type of associated autoimmune disease) between those who were positive and negative for FOXP3 mutations (data not shown). Classic IPEX syndrome was present in three of the six patients, all of whom died by 13 months. In contrast, all three patients with the V408M mutation had a milder phenotype as well as prolonged survival (still alive at age 12-15 years).
FOXP3 mutations in permanent neonatal diabetes
Diabetes was the presenting feature in all subjects. Age at diagnosis varied from the first day of life to 3.5 months and did not correlate with the outcome of the disease. Birth weight was a feature of disease severity as it was markedly reduced only in the two patients who died early in infancy. Antibodies against ␤-cell antigens were reported to be unequivocally present in just one patient; in this patient results were negative at the time diabetes was diagnosed and became positive only during follow-up.
Gastrointestinal symptoms developed in five of six patients, although both the timing and the clinical severity varied widely. Interestingly, one of the most severely affected infants (Table 1 , proband V) had diarrhea with low fecal elastase, and a magnetic resonance imaging (MRI) scan performed at 4 months showed only a tiny remnant of pancreatic tissue (Fig.  2) . Thyroid disease was also found in five of six patients, but again it ranged between very mildly elevated thyroidstimulating hormone levels without any detectable thyroid antibodies to severe autoimmune hypothyroidism. Proband I (hemizygous for V408M) did not have any gastrointestinal problem and only had a steroid-sensitive nephrotic syndrome that was considered to represent minimal change disease by the attending nephrologist.
Molecular models
Inspection of the predicted structures of the DBD of FOXP3 suggested that all three novel missense FOXP3 mutations are likely to have deleterious effects on protein function and therefore be pathogenic, although to various degrees. In normal FOXP3, the side chain of arginine 337 is predicted to make close contact with the DNA backbone (Fig. 3A, top  panel) . The presence of a strong basic residue at this position is conserved in all forkhead transcription factors, and it contributes to DNA binding through both hydrogen bonding and electrostatic interactions. The R337Q substitution destroys this close contact with the DNA backbone (Fig. 3A, bottom panel) and is predicted to cause a significant loss of positive charge at the DNA-binding surface of FOXP3 (Fig. 3B) . Taken together, the data strongly suggest that the R337Q mutation will result in a significant loss of DNA binding affinity.
Proline 339 lies in a ␥-turn between Arg 337 and helix 1 of the DBD. Substitution of this residue by alanine (as in the P339A mutation) is likely to affect the topology of Arg 337 and/or helix 1 relative to the DNA and so would also be expected to have a deleterious effect on DNA binding affinity.
Valine 408 lies in a ␤-turn at the COOH-terminal of wing 1; in the predicted structure of FOXP3 its side chain points away from the DNA-binding surface and toward the side chain of arginine 347 in helix 1 (data not shown), although there is no apparent contact between the two side chains. Interestingly, replacing Val 408 with the longer methionine is predicted to allow van der Waals contact between the two side chains (data not 
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shown). This increased interaction between wing 1 and helix 1 is likely to have some effect on protein flexibility within the DBD, and it is reasonable to suspect that reduced flexibility in the DBD of FOXP3 will have an impact on DNA binding affinity. However, given the weak nature of van der Waals interactions, such effects are likely to be relatively modest, and the V408M substitution has no apparent effect either on the predicted hydrogen bond between the nearby residue Tyr 406 and the DNA backbone or on surface charge distribution (data not shown). Therefore, the effects of the V408M substitution on protein structure are milder than the other mutations, which is consistent with the mild phenotype observed among subjects with this mutation. CONCLUSIONS -Our systematic search for FOXP3 mutations in a large cohort of male probands with PNDM in whom the common causes had been excluded has shown that mutations are common in males who subsequently develop possible immune-mediated disorders (6 of 10 [60%]) but are absent or very rare in those who have isolated diabetes (0 of 16 [0%]). We show that there is clinical heterogeneity with three of the six mutation carriers having a severe phenotype and dying by 13 months, whereas the other three are still alive at 12-15 years.
We report on four different mutations, including three novel mutations. The previously reported single base pair deletion at position 227 generates a frameshift and introduces a premature stop codon. If the mutant mRNA evades nonsense-mediated decay, the resulting protein would lack the forkhead as well as the zinc finger and the leucine zipper domains and is predicted to be completely inactive. Consistent with this null mutation, the patient presented with classic IPEX syndrome and died within the first year of life. The likely pathogenicity of the three novel missense mutations was explored by using molecular modeling software. All of them are located within the forkhead domain of FOXP3; their predicted structural effects are likely to alter function of the protein and can be broadly correlated with the observed phenotype. The pathogenicity of R337Q is further supported as a different substitution at position 337 (R337P) as was previously described in a patient with IPEX syndrome (19) . A substitution of asparagine for aspartic acid at position 409 of FOXP3 (adjacent to the site of the V408M mutation) also produces IPEX syndrome (20) . Thus, we believe that the three novel mutations are likely to be responsible for the observed phenotypes.
Permanent diabetes was the presenting feature in the six patients with a FOXP3 mutation, although age at diagnosis varied. There was no correlation between the age at presentation and the clinical outcome of the patients; however, there was a suggestion that low birth weight, a reflection of intrauterine insulin secretion, was a prognostic marker: two of the three patients who died within the first 13 months of life as a result of severe IPEX syndrome were born with severe intrauterine growth retardation. Low birth weight might be a marker of poor prognosis among patients with FOXP3 mutations.
Autoantibodies against ␤-cell antigens were only persistently found in one of our six affected children, and in this child they were not present at diagnosis, suggesting that the main pathogenic mechanism leading to ␤-cell destruction is mediated by activated T lymphocytes. A systematic investigation of all possible ␤-cell autoantibodies was not performed in these children, and serum was not available for a retrospective analysis in a central laboratory. Therefore, the complete lack of antibodies cannot definitely be confirmed. However, our results show that antibodies against ␤-cell proteins as they are used in routine clinical practice may be absent in patients with proven FOXP3 mutations. Thus, the absence of pancreatic autoantibodies should not be taken as a screening test to exclude the possibility of a FOXP3 mutation.
One patient with classic IPEX syndrome only had a small remnant of pancreatic tissue seen on an abdominal MRI scan and had evidence of evolving exocrine pancreatic dysfunction, suggesting the development of pancreatic atrophy. Although both mild pancreatic exocrine insufficiency and a reduced pancreas volume are relatively common findings in long-standing classic type 1 diabetes, they are not as severe as in this patient. It is possible that a massive autoimmune response against the pancreas might be responsible for both PNDM and pancreatic atrophy in this patient as seen in maternal enteroviral infection (21) .
There was considerable clinical heterogeneity among the patients with FOXP3 mutations. Three patients with classic IPEX syndrome died during the first 13 months of life despite the use of immunosuppressive therapy. However, the phenotypic spectrum is extended from that previously described in the three patients with the V408M mutation. PNDM was the only clinical feature in two twin brothers from one of the pedigrees with this mutation until the age of 1 year, when autoimmune hypothyroidism was diagnosed in both of them. Subsequently, they both developed recurrent diarrhea, and autoimmune enteropathy was diagnosed on the basis of positive antienterocyte antibodies in both twins. They had multiple antibodies indicating gastrointestinal autoimmunity (Table 1) . Twin IIa had a jejunal intestinal biopsy showing villous atrophy, but the second twin (IIb) had a normal jejunal biopsy. Interestingly, they both developed very well on a gluten-free diet. These patients are now 12 years old, and no other significant problems have been detected except that both have intellectual impairment (IQ of 74 and 80, respectively). The other patient with a V408M mutation has the mildest phenotype associated with a FOXP3 mutation to date. Although diabetes was diagnosed 2 days after birth, no other evidence of immune dysfunction has been detected apart from an episode of nephrotic proteinuria at 6 years. Clinical remission was achieved with steroid treatment, and the disease has not relapsed. The patient is currently 15 years, and no other autoimmune problems have arisen since then. Nephrotic syndrome and classic type 1 diabetes can be associated, indicating a shared immunological basis for both disorders (22, 23) , and nephrotic syndrome has previously been described in a patient with classic IPEX syndrome (24) . We therefore believe that there may be a causal link between both diabetes and nephrotic syndrome and the presence of the V408M mutation in our patient.
IPEX syndrome is thought to be an extremely rare condition with only approximately 50 cases reported in the literature. As with any other X-linked recessive disorder with reduced survival, IPEX syndrome frequently presents as a single case either caused by de novo or maternally inherited mutations. Patients with a mild presentation are likely to have been under-reported, so the true incidence of the disease might actually be higher than is currently perceived. A clinical diagnosis of IPEX syndrome was made in only one of our patients before the genetic analysis, whereas the others were referred for genetic testing because of their PNDM. The varied clinical spectrum resulting from mutations in FOXP3 emphasizes the need to be aware of this possibility in male patients with PNDM who develop any other immunemediated disorder later in life.
